The complex [Pt2(/.t-H)(#-S)(dppe)2](PF6) undergoes a displacive order-disorder transformation at ca 230 K.
Introduction
As part of a wide-ranging programme of research in the coordination chemistry of aminoalkanethiolates (aliphatic mercaptoamines), we have prepared and structurally characterized palladium(II) and platinum(II) complexes of various aminoalkanethiolato ligands Capdevila, Clegg, Gonz~ilez-Duarte, Harris, Mira, Sola & Taylor, 1992; Capdevila, Gonz~ilez-Duarte, Foces-Foces, Hemandez Cano & Martfnez-Ripoll, 1990; Capdevila, Clegg, Gonz~ilez-Duarte, Jarid & Lled6s, 1996) . Reaction of the two mononuclear platinum complexes [Pt(SCsH9NMe)2(dppe)] and [PtC12(dppe)] in organic solvents gives the dinuclear cationic species [Pt2(#-SCsH9NMe)2(dppe)2] 2+, obtained as its PF6-or BPh4salt, the latter being fully characterized by single-crystal diffraction [dppe = bis(diphenylphosphino)ethane, Ph2PCH2CH2PPh2 (Capdevila, Clegg, Gonz~ilez-Duarte, Harris, Mira, Sola & Taylor, 1992) ]. More detailed examination of this reaction showed that, on some occasions, even though the experimental procedures and conditions were apparently the same, a completely different result was obtained, and the only platinum-containing product identified was [Pt2(#-H)(#-S)(dppe)2] +, isolated in ca 20% yield as its PF6-© 1996 International Union of Crystallography Printed in Great Britain -all rights reserved salt (1). The nature of this product was established by a combination of X-ray crystallography and NMR spectroscopy . From the room-temperature diffraction data the bridging hydride ligand could not be located and the structure included a disordered PF6-anion on a twofold rotation axis. We subsequently prepared a fresh sample of (1) and undertook a low-temperature diffraction study with the aim of modelling the disorder better and possibly locating the hydride. We discovered that the complex undergoes a reversible phase transition on cooling below 230K, to give an ordered structure in a unit cell of doubled volume, and were able to locate and refine the hydride position. We report here a comparison of the room-temperature and low-temperature structures, together with an account of the analogous mixed-metal PdPt complex (2), obtained in a similar way and characterized both crystallographically and spectroscopically.
Experimental
The synthesis of complex (1) has already been described . The mixed-metal complex (2) was prepared in an analogous reaction with [PdC12(dppe)] instead of [PtC12(dppe)] as one of the metal-containing starting materials. Crystals suitable for diffraction study were obtained from solution in acetonitrile. Satisfactory analyses (for C, S and H) were obtained for both complexes. Experimental details are summarized in Table 1 . (Sheldrick, 1990) SHELXL93 (Sheldrick, 1994) SHELXL93 and local programs 2.1. Room-temperature structure of (1)
The bridging hydride could not be located in difference syntheses. Its presence was deduced at this stage from the charge balance of the complex and confirmed by NMR spectroscopy (see §3). The PF6-anion was found to be disordered over a twofold rotation axis, with a well defined central position for P and a total of eight peaks (including symmetry equivalents) in a diffuse region of significant electron density at a suitable distance from the central atom. The disorder could not be resolved into alternative orientations of an idealized octahedral PF6-group. Instead, partial F atoms were refined with anisotropic displacement parameters and with initial positions taken from the difference density map, the total occupancy of all F-atom sites being restrained to 6. The refinement leading to the results presented here was made subsequent to the preliminary communication of this structure and with different software. The structure is a little more precisely described, but there are no significant changes.
H atoms other than the bridging hydride were refined with a riding model for coordinates and with U(H) = 1.2Ueq(C); this applies to all three structures.
Low-temperature structure of (1)
Preliminary cell determination at 160K revealed a b axis doubled relative to the room-temperature cell and systematic absences for 0k0 with odd k indicated a change of space group from P2/n to P21/n. The doubled cell volume and loss of the twofold rotation axis imply general rather than special positions for the cations and anions (assuming a simple structural relationship between the room-temperature and lowtemperature phases, thus rendering unlikely the migration of anions to centres of symmetry), lifting the crystallographic symmetry imposed on both ions at room temperature. Small but significant positional and orientational changes were detected in the ions as a result of the two structure determinations and the anion was found to be ordered, with six clear fluorine positions; refinement required no restraints or constraints. The bridging hydride was also located in a difference synthesis and its position freely refined; the isotropic displacement parameter was fixed at 0.05/~2 after attempted refinement gave an anomolously low value with an extremely high e.s.d. The largest .4/0-ratio is for the z coordinate of the bridging H atom, which showed oscillation in alternate cycles.
Following intensity data collection, the phase transition was investigated by monitoring a reflection which has moderate intensity for the low-temperature phase but is absent (with non-integral k index) for the roomtemperature phase, while varying the temperature with the Cryostream device employed in these experiments (Cosier & Glazer, 1986 ). On warming from 160 K, the reflection peak intensity declined slowly and steadily, then dropped rapidly around 230 K to give no signal significantly above background at higher temperatures. The effect was reversible, the reflection reappearing on cooling through 230 K, to be restored to its initial intensity at 160 K. Several cycles of warming and cooling through the phase transition gave no apparent deterioration of the quality of the crystal and its diffraction properties.
2.3. Room-temperature structure of (2) Refinement was as for the room-temperature structure of (1) except for the bridging hydride and the metal atoms. The hydride was located in a difference synthesis and was refined freely with its own isotropic displacement parameter. The crystallographically unique single metal atom was treated as a composite of Pd and Pt, and the relative occupancy factors of these atoms were refined as a check on the chemical composition; the final Pt:Pd values obtained are 0.513:0.487 (7).
NMR spectra were measured with a Bruker AM-400 spectrometer, for samples in d6-DMSO solution. External standards were 85% phosphoric acid and 1 M H2PtC16/D20.
Discussion
Fractional atomic coordinates and equivalent isotropic displacement parameters for the three structures are reported in Tables 2, 4 and 6; Tables 3, 5 and 7 give selected geometric parameters.*
Room-temperature structure of (1)
A preliminary account of this has already been given (Capdevila, Gonztilez-Duarte, Mira, Sola & Clegg, 1992) . Further refinement on F 2 rather than F marginally improves the precision of the structure, but gives no significant difference. It was not possible to locate the bridging hydride ligand crystallographically, but the evidence from ill, 31p and 195pt NMR spectroscopy was clear and unambiguous, and the position indicated spectroscopically for this hydride is consistent with the crystallographic results and with results previously obtained both spectroscopically and crystallographically for [Pt2(#-H)(#-CO)(dppe)2](BF4) (Minghetti, Bandini, Banditelli, Bonati, Szostak, Strouse, Knobler & Kaesz, 1983) .
The identity of the other bridging ligand as S 2-is supported by successful structure refinement (in terms of electron density a bridging chloride would be equally acceptable, but this can be ruled out on the grounds of overall charge balance) and satisfactory elemental analysis, which included quantitative determination of sulfur and chlorine, the latter being recorded as negligible. This ligand is presumably derived from S--C bond cleavage of the original mercaptoamine ligands in the synthesis of the starting materials, but the source of the bridging hydride is obscure.
The apparent geometry of the disordered PF6-anion is essentially meaningless; the anisotropic displacement parameters of the partial F atoms are large, indicating * Lists of atomic coordinates, anisotropic displacement parameters and structure factors have been deposited with the IUCr (Reference: FG0001). Copies may be obtained through The Managing Editor, International Union of Crystallography, 5 Abbey Square, Chester CH1 2HU, England. (2) C17 -0.0940 (7) 0.2035 (10) 0.3189 (7) 0.107 (4) (2) C23 0.3238 (7) 0.0787 (9) 0.6076 (6) 0.080 (3) C24 0.3718 (7) 0.0002 (9) 0.5643 (7) 0.085 (3) C25 0.3607 (6) 0.0042 (8) 0.4815 (7) 0.080 (2) that the disorder is more complex and extensive than the simple model with a relatively small number of partial atoms. The disorder is largely orientational rather than displacive, since the central P atom appears to be well ordered.
Relatively high displacement parameters for some of the C atoms may indicate minor unresolved disorder in the cation (Fig. 1) .
Low-temperature structure of (1)
On cooling, the b-axis length doubles and the space group changes from P2/n to P21/n. The structural implications of this phase change are: (a) cations (and also anions) which are related by one unit-cell translation along b at room temperature are now related by a (14) C1 0.0566 (7) 0.1132 (4) 0.4335 (7) 0.032 (5) C2 0.0058 (9) 0.1216 (6) 0.3599 (9) 0.052 (7) C3 -0.0906 (10) 0.1034 (7) 0.3463 (11) 0.070 (7) C4 -0.1356 (10) 0.0760 (7) 0.4057 (14) 0.081 (7) C5 -0.0848 (10) 0.0659 (6) 0.4794 (12) 0.066 (8) C6 0.0122 (8) 0.0841 (5) 0.4951 (8) 0.042 (7) C7 0.2578 (7) 0.0823 (4) 0.5050 (6) 0.027 (5) C8 0.2705 (8) 0.0798 (5) 0.5885 (7) 0.037 (7) C9 0.3318 (9) 0.0352 (5) 0.6256 (8) 0.045 (7) C10 0.3805 (8) -0.0059 (5) 0.5795 (7) 0.040 (6) Cll 0.3662 (8) -0.0031 (5) 0.4977 (7) 0.038 (5) C12 0.3050 (7) 0.0407 (5) 0.4582 (7) 0.033 (5) C13 0.1710 (7) 0.1992 (5) 0.5333 (6) 0.032 (5) C14 0.1326 (7) 0.2591 (5) 0.4965 (6) 0.029 (5) C15 0.3235 (7) 0.3089 (5) 0.4659 (7) 0.030 (5) C16 0.3353 (8) 0.3236 (5) 0.5462 (7) 0.039 (5) C17 0.4269 (10) 0.3370 (6) 0.5847 (9) 0.055 (8) (7) 0.042 (7) C27 0.3539 (7) 0.3483 (5) 0.1725 (6) 0.028 (5) C28 0.3106 (9) 0.4065 (5) 0.1729 (7) 0.041 (7) 21 screw axis and so are no longer aligned strictly collinear; (b) the crystallographic twofold rotation symmetry is no longer imposed on the cations and anions, so that the asymmetric unit of the low-temperature Selected geometric parameters (f[, °)for (1) at low temperature successfully refined with acceptable geometry, albeit with not very high precision. Apart from the hydride, the internal geometry of the cation remains essentially identical to that at room temperature (Fig. 2 ).
In the low-temperature phase the PF6-anion, not constrained by the crystallographic twofold rotation symmetry, is ordered and its refinement proceeded smoothly to give essentially octahedral geometry.
The atomic shifts involved in the interconversion of the two structures are small and the phase transition is readily characterized as a displacive order-disorder transformation. It is fully reversible on heating and a Fig. 3 . A section through the crystal structure of (1) at room temperature. Only half the depth of the unit-cell contents are shown.
cooling through the transition temperature of ca 230 K. The packing of the ions in the two structures is shown in Figs. 3 and 4. 3.3. Room-temperature structure of (2) The mixed-metal PdPt complex (2) was found to be isomorphous with the pure Pt complex (1) at room temperature, with almost identical cell parameters. Full structure determination shows that the complexes are isostructural. The major difference experimentally is that the bridging hydride can be located and refined for complex (2), with observed results which are entirely consistent with those obtained for the low-temperature structure of (1) (Fig. 5) .
The two metal sites in the cation are equivalent by crystallographic symmetry. In the refinement the unique metal site was treated as a composite of Pd and Pt, which have very different X-ray scattering factors, allowing a reliable refinement of the relative site occupancy factors to give a Pt:Pd ratio of 0.513:0.487 (7), representing a small and insignificant excess of Pt over Pd. A metal site disorder of equal proportions could have two interpretations, which cannot be distinguished by purely crystallographic methods: (a) genuine heteronuclear PdPt complex ions adopting two possible orientations (Pt-Pd and Pd-Pt) at random or (b) a random mixture of equal mole proportions of homonuclear PtPt and PdPd complexes. Indeed, both types of disorder could be present together, resulting from a mixture of PtPt, PtPd and PdPd complexes in the one structure.
The question is resolved by NMR spectroscopy (IH and 31p), which also unambiguously confirms the presence of the bridging hydride ligand. The range between -2.0 and --6.0 p.p.m, of the 1H NMR spectrum (dimethyl sulfoxide solution) shows a triplet with Pt satellites (trans) bonded to Pt] with 1J(Pt--P) couplings of 2625.4 and 3550Hz, respectively, as well as the signals corresponding to the minor presence of the PtPt analogue (at 6 43.7 and 54.9 p.p.m.). Also, the pattem of this spectrum indicates the genuine heteronuclearity of the PdPt complex, further corroborated by the fact that all the phosphorus chemical shifts differ from those observed in the PtPt analogue. By selective decoupling of the diphosphine protons (i.e. with the hydride still coupled), all signals except that for P(cis)--Pt split, displaying either P--P or P(trans)--H couplings. The 2J[P(cis)--H] coupling is not observed because it is much smaller. Accordingly, P(cis)--Pd appears as a doublet [2j(p__p) = 32.9 Hz], P(trans)--Pt as a doublet with Pt satellites [2J(P--H) = 67.8 Hz] and P(trans)--Pd as a doublet of doublets [2J(P--H) = 65.7 Hz, 2j(p__p) = 33.8 Hz]. These assignments require that the 2j(p__p) coupling constant is greater when P atoms are bonded to Pd than when they are bonded to Pt, which agrees with the fact that no measurable 2j(p__ P) was observed in the homonuclear PtPt analogue. All coupling constants of the two spectra reported here are consistent among themselves and also with those corresponding to the PtPt complex.
The genuine heteronuclear nature of complex (2) contrasts with the results obtained for the mixed-metal PdPt product from the normal course of the synthesis, which contains two metal ions, each chelated by a dppe ligand, bridged by two mercaptoamine ligands (Capdevila, Clegg, Gonz~ilez-Duarte, Harris, Mira, Sola & Taylor, 1992) . In that case, the evidence from crystallography, spectroscopy and chemical analysis indicated that the mixed-metal product was essentially a solid solution of the diplatinum and dipalladium complexes, with only a minor amount of the heteronuclear complex.
In all previously reported structures containing both palladium and platinum in chemically equivalent positions, the metals are disordered and crystallographic study cannot distinguish between genuine heteronuclear complexes and mixtures of homonuclear products (Clark, Ferguson, Jain & Parvez, 1985 Clark, Ferguson, Kapoor & Parvez, 1985; Suzuki, Iitaka, Kurachi, Kita, Kashiwavara, Ohba & Fujita, 1992) . In some of these cases, the presence of a genuine heteronuclear complex was confirmed by NMR and mass spectrometry. This work was supported by the UK Science and Engineering Research Council, the Comisi6n Interministerial de Ciencia y Tecnologia, the Ministerio de Edu-caci6n y Ciencia and the British Council.
